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ABSTRACT
Recently, Sheppard et al. (2016) presented the discovery of seven new trans-Neptunian objects with
moderate eccentricities, perihelia beyond 40 AU, and semimajor axes beyond 50 AU. Like the few
previously known objects on similar orbits, these objects’ semimajor axes are just beyond the Kuiper
belt edge and clustered around Neptunian mean motion resonances (MMRs). These objects likely
obtained their observed orbits while trapped within MMRs, when the Kozai-Lidov mechanism raised
their perihelia and weakened Neptunes dynamical influence. Using numerical simulations that model
the production of this population, we find that high-perihelion objects near Neptunian MMRs can
constrain the nature and timescale of Neptune’s past orbital migration. In particular, the population
near the 3:1 MMR (near 62 AU) is especially useful due to its large population and short dynamical
evolution timescale. If Neptune finishes migrating within ∼100 Myrs or less, we predict over ∼90% of
high-perihelion objects near the 3:1 MMR will have semimajor axes within 1 AU of each other, very
near the modern resonance’s center. On the other hand, if Neptunes migration takes ∼300 Myrs, we
expect ∼50% of this population to reside in dynamically fossilized orbits over ∼1 AU closer to the
Sun than the modern resonance. We highlight 2015 KH162 as a likely member of this fossilized 3:1
population. Under any plausible migration scenario, nearly all high-perihelion objects in resonances
beyond the 4:1 MMR (near 76 AU) reach their orbits well after Neptune stops migrating and comprise
a recently generated, dynamically active population.
Keywords:
1. INTRODUCTION
As Neptune gravitationally scatters small planetesi-
mals, it will on average move further from the Sun due to
exchange of angular momentum with the planetesimals
(Fernandez & Ip 1984). Thus, in the presence of a Kuiper
belt, Neptune’s semimajor axis must increase over time
as it interacts with dynamically unstable Kuiper belt ob-
jects. Because the modern Kuiper belt’s mass is so ane-
mic (Gladman et al. 2001), Neptune’s current semimajor
axis is effectively fixed. However, the early solar system
is thought to have possessed a much more massive Kuiper
belt (e.g. Stern 1996), and under these conditions Nep-
tune’s semimajor axis could have evolved dramatically.
Malhotra (1993) provided support for this scenario by
showing that an outward migration of Neptune by∼5 AU
could capture Pluto into the 3:2 resonance with Neptune
and subsequently excite its eccentricity to Pluto’s mod-
ern value. Furthermore, Malhotra (1995) demonstrated
that Neptune’s migration through a massive primordial
Kuiper belt should result in the capture of many ob-
jects into the Neptunian resonances. The prominence of
resonant populations has since been confirmed with the
observed orbital distributions of detected TNOs, further
supporting the idea that Neptune underwent substantial
orbital migration early in its history (e.g. Elliot et al.
2005; Gladman et al. 2012; Bannister et al. 2016).
While these resonant populations were initially inter-
preted as evidence of Neptune’s relatively smooth, steady
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migration through a dynamically cold primordial Kuiper
belt, an alternate view known as the Nice Model emerged
in which the early orbital evolution of the giant plan-
ets could have been much more violent (Tsiganis et al.
2005). In this scenario, planets can gravitationally scat-
ter off one another before having their orbits recircular-
ized via dynamical friction from the still massive primor-
dial Kuiper belt (Thommes et al. 1999, 2002; Brasser
et al. 2009). The formation of the modern Kuiper belt
from a massive primordial belt has been modeled under
this violent scenario for the giant planets’ early evolu-
tion, and it was found to reproduce many of the main
features of the modern Kuiper belt (Levison et al. 2008).
However, during such a violent giant planet instability,
Neptune can become quite eccentric (e > 0.3) for an ex-
tended period, and this can excite the orbits of the pre-
sumably primordial cold classical belt objects orbiting
between 42 and 47 AU with low eccentricities and in-
clinations (Batygin et al. 2011; Dawson & Murray-Clay
2012). More recent refinements of the giant planet in-
stability have uncovered scenarios in which Neptune’s
eccentricity stays at or below e ∼ 0.1, and these can
potentially preserve the dynamical state of the cold clas-
sical population (Nesvorny´ & Morbidelli 2012; Dawson
& Murray-Clay 2012).
Thus, many different models of Neptune’s early orbital
evolution have been proposed, and the detailed structure
of the modern Kuiper belt provides some of the most ro-
bust constraints on it. For instance, Nesvorny´ (2015a)
showed that the Kuiper belt’s inclination distribution
rules out Neptune having migrated more than ∼6 AU
through the massive, primordial Kuiper belt, or migrat-
ing with an e-folding timescale shorter than ∼10 Myrs.
Furthermore, it has recently been argued that this migra-
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2tion was interrupted with a “jump” in Neptune’s semi-
major axis caused by a scattering event between Nep-
tune and another similar mass ice giant. This jump
would cause objects trapped in the 2:1 resonance with
Neptune to be suddenly released, providing an explana-
tion for the curious concentration of cold classical objects
near ∼44 AU (Petit et al. 2011). Moreover, Nesvorny´ &
Vokrouhlicky´ (2016) found additional evidence that the
rest of Neptune’s migration was not completely smooth,
either. With perfectly smooth migration, Kuiper belt
formation models predict many more objects in the 3:2
resonance than observed today (Hahn & Malhotra 2005;
Levison et al. 2008; Nesvorny´ 2015a). Instead, Nesvorny´
& Vokrouhlicky´ (2016) were able to reproduce the cor-
rect 3:2 population size if an element of “graininess” was
included in Neptune’s migration. This graininess would
arise as encounters between Neptune and the thousands
of Pluto-mass objects caused sudden, small changes in
Neptune’s semimajor axis as it migrated. In order to ac-
count for the existence of large TNOs like Pluto and Eris
(Brown et al. 2005) today, there were likely many more
present in the primordial Kuiper belt.
While many earlier and contemporary works have fo-
cused on the capture of resonant populations closer to
the Sun than the 2:1 MMR at ∼48 AU, objects can also
be captured into more distant resonances during Kuiper
belt formation (e.g. Duncan & Levison 1997; Gomes et al.
2005; Gallardo 2006; Lykawka & Mukai 2007). Indeed
objects occupying these more distant resonances also ap-
pear to be abundant (Pike et al. 2015; Volk et al. 2016).
When trapped within resonances with Neptune, Kozai-
Lidov cycles can be activated if an object’s inclination
exceeds a critical value (Gomes 2003; Kozai 1962; Lidov
1962). During these Kozai cycles, an orbit’s eccentricity
and inclination oscillate exactly out of phase with one an-
other as the longitude of perihelion librates (Kozai 1962;
Gomes et al. 2005). During the high-inclination phase of
these Kozai cycles, an object’s perihelion is lifted away
from Neptune as its eccentricity decreases and its semi-
major axis remains constant, and it becomes more weakly
coupled to the planet. If the semimajor axis of the MMR
is large enough, this process can raise the perihelia of
TNOs well beyond 40 AU (Gomes et al. 2008). During
these high-perihelion excursions, objects can even tem-
porarily leave their resonances (as measured by resonant
angle libration) (Gomes et al. 2005).
Because the classical Kuiper belt stops near 48 AU,
these high-perihelion objects with a & 50 AU stand out.
Ignoring the potential effects of distant perturbers on
extreme Kuiper belt objects (e.g. Ferna´ndez 1997; Tru-
jillo & Sheppard 2014; Batygin & Brown 2016), an ob-
ject with a & 50 AU must typically have a perihelion
near Neptune for it to have been scattered to a large
orbit. These resonant high-perihelion objects are an
exception to this rule. Examples of such objects have
been detected, and perhaps the most well-known is 2004
XR190 with a semimajor axis of 57.6 AU, perihelion of
51.5 AU, and an inclination of 46.6◦ (Allen et al. 2006).
2004 XR190 orbits just interior to the 8:3 resonance lo-
cation today, and Gomes (2011) demonstrated that this
object could have gone through Kozai cycles within the
8:3 MMR while Neptune was still migrating only to be-
come decoupled during one of its excursions to large per-
ihelion. After this decoupling, the orbital elements of
2004 XR190 would remain essentially frozen while the lo-
cation of the 8:3 resonance continued to move outward
with Neptune’s migration, explaining this object’s loca-
tion relative to the modern 8:3 MMR as well as its high
inclination and perihelion. Recent work by Brasil et al.
(2014) has shown that such evolutionary paths are also
possible near the 5:2 and 3:1 MMRs.
Thus, Neptune’s migration can generate a dynamically
fossilized population of high-perihelion objects adjacent
to modern resonance locations. As such, this class of
resonant or nearly resonant high-perihelion objects may
provide additional constraints on the nature of Neptune’s
migration. Until recently, only a few of these objects
were known. However, recent survey results by Sheppard
et al. (2016) have added another 6 objects, increasing the
statistical significance of this sample. With this is mind,
we numerically model the production of high-perihelion
objects in or near mean motion resonances with Neptune
in order to assess this population’s utility as a constraint
on Neptune’s migration. In our numerical models we
vary both the timescale and smoothness of Neptune’s
migration to see the effects on the population of high-
perihelion objects near Neptunian MMRs. Our work is
organized in the following manner: Section 2 details the
numerical methods we use in our simulations. Section
3 presents the results of this numerical work. Finally,
Section 4 summarizes our conclusions.
2. NUMERICAL METHODS
Our numerical models of the Kuiper belt’s formation
are very similar to the models explored in Nesvorny´
(2015b,a) and Nesvorny´ & Vokrouhlicky´ (2016). We
model the dispersal of a primordial Kuiper belt by Nep-
tune as it migrates from 24 to 30 AU, similar to what
is envisioned in the late stages of some realizations of
the Nice model (Nesvorny´ & Morbidelli 2012). We sim-
ulate Kuiper belt formation under four different Nep-
tune migration scenarios, exploring both the speed and
smoothness of Neptune’s migration. Our first two simu-
lations both assume that Neptune migrates smoothly but
at different speeds; we have one “slow” simulation and
one “fast” simulation. In these two simulations, Neptune
smoothly migrates from 24 to 28 AU with a fixed migra-
tion e-folding timescale of τ1. At this point it “jumps”
by∼0.5 AU. Neptune’s semimajor axis is instantaneously
increased by 0.5 AU and its eccentricity is increased from
∼0 to 0.075. This is meant to simulate a scattering event
between Neptune and another approximately Neptune-
mass ice giant in the early solar system (Nesvorny´ 2011;
Nesvorny´ & Morbidelli 2012; Nesvorny´ 2015a). Follow-
ing this jump, Neptune then migrates the rest of the way
to 30 AU with a migration e-folding time (τ2) that is ∼3
times longer than τ1. Once Neptune reaches its current
semimajor axis of 30.11 AU, migration is shut off for the
remainder of the simulation. Our second two simulations
are essentially repeats of our slow and fast simulations,
except that an element of granularity is now superim-
posed onto Neptune’s migration by adding small, ran-
dom, instantaneous shifts to Neptune’s semimajor axis
as it migrates with the prescription given above. This is
meant to simulate the effects of scattering events between
Neptune and the numerous Pluto-sized objects thought
to have resided in the primordial Kuiper belt (Nesvorny´
& Vokrouhlicky´ 2016).
3To run each of our Kuiper belt formation simulations,
we use the SWIFT RMVS4 integrator (Levison & Dun-
can 1994) to evolve 1 million test particles under the
influence of the four giant planets for 4 Gyrs. Jupiter,
Saturn, and Uranus are all started on their current semi-
major axes with small eccentricities (e < 0.01) and incli-
nations (i < 0.1◦). The initial nearly circular, coplanar
configurations for the inner 3 giant planets are chosen
because Neptune’s subsequent migration causes a mod-
erate (e ∼ 0.03) increase in Uranus’ eccentricity during
the course of a simulation. Although this results in low
values for the inner giant planets’ eccentricities and in-
clinations at late times, the Kuiper belt’s structure is
largely insensitive to these planets’ eccentricities and in-
clinations (Nesvorny´ 2015b). Meanwhile, Neptune is be-
gun with a similarly small eccentricity and inclination,
but its initial semimajor axis is set to 24 AU. The 1 mil-
lion test particles we employ are randomly distributed
along a a−1 surface density profile between 24 and 30
AU, while eccentricities are uniformly drawn between 0
and 0.01. Inclinations of test particles are drawn ran-
domly from the following distribution function
f(i) = sin i exp− i
2σ2
(1)
where σ = 1◦. All other orbital elements are drawn ran-
domly from an isotropic distribution. The particles and
planets are evolved for 4 Gyrs with a timestep of 200
days, and test particles are removed due to collisions with
the Sun or planets as well as if they exceed a heliocentric
distance of 1000 AU.
To force Neptune’s semimajor axis to migrate, we em-
ploy simple drag forces on its velocity as in Malhotra
(1995). This causes Neptune’s semimajor axis to evolve
in time according to the following:
a(t) = af + (a0 − af )× exp
(
− t
τ
)
(2)
where af is the desired final semimajor axis, a0 is the
initial semimajor axis, and τ is the desired e-folding
timescale. In all of our simulations, af was initially set
to 30.11 AU and a0 was initially set to 24 AU.
In addition to semimajor axis migration, Neptune’s ec-
centricity and inclination are also damped by employing
the fictitious forces described in Kominami et al. (2005).
With these included, both inclination and eccentricity
decay exponentially. The magnitude of these forces was
adjusted so that our eccentricity and inclination e-folding
timescales were approximately equal to the semimajor
axis migration e-folding timescale employed in Equation
2.
Once Neptune reaches a semimajor axis of 28 AU, each
simulation is temporarily stopped and Neptune’s semi-
major axis is instantaneously increased by 0.5 AU and
its eccentricity is increased to 0.075, while all other or-
bital elements are held fixed. Then the simulation is
restarted with migration and damping timescales that
are longer by a factor of ∼3. This is continued until
Neptune reaches a semimajor axis of 30.1 AU. At this
point, all migration and damping forces are shut off, and
the simulation is continued for the rest of the integration
time using the standard RMVS4 package.
In the case of our grainy migration simulations, we
add in thousands of tiny discrete jumps into Neptune’s
semimajor axis evolution. This technique was first em-
ployed in Nesvorny´ & Vokrouhlicky´ (2016). To determine
the magnitude and frequency of semimajor axis jumps,
Nesvorny´ & Vokrouhlicky´ (2016) carefully studied indi-
vidual encounters between Neptune and Pluto-mass ob-
jects as the planet migrated through a disk of 1000+
of these bodies. From this, a distribution of semimajor
axis jumps was constructed as well as encounter times.
Then, these distributions of encounter times and semi-
major axis jumps were used to generate small, instanta-
neous orbital jumps for Neptune as it migrated through
∼106 test particles in RMVS4 simulations.
In the present work, we mimic this approach, al-
though we do not build our own distribution of semima-
jor axis jumps and encounter times from studies of Nep-
tune encounters. Instead, we employ distribution func-
tions designed to replicate the distributions of encounter
times and semimajor axis jumps provided in Nesvorny´
& Vokrouhlicky´ (2016). To broadly replicate the semi-
major axis jump distribution in Figure 4 of Nesvorny´ &
Vokrouhlicky´ (2016), we draw from a Gaussian distribu-
tion where:
f(∆a) =
1√
2σ2pi
exp− (∆a− µ)
2
2σ2
(3)
To generate our jumps we assume that half of all jumps
originate from a negatively centered Gaussian distribu-
tion. In these cases, we set µ = −2.5 × 10−3 AU and
σ = 1.8× 10−3 AU. For the other half of jumps we draw
from a positively centered Gaussian. In these cases, we
keep σ at the same value and change the sign of µ. Fi-
nally, the entire distribution is clipped at ±5× 10−3 AU
to eliminate excessively large jumps not seen in the dis-
tributions provided in Nesvorny´ & Vokrouhlicky´ (2016).
This results in the distribution of semimajor axis jumps
shown in Figure 1A, which generally matches the empir-
ical form seen in Nesvorny´ & Vokrouhlicky´ (2016).
With a semimajor axis jump distribution created, we
next need to set the total number of jumps. In each of
our simulations, we set the total number of jumps equal
to 20,000. This is the approximate amount of encoun-
ters expected for Neptune if it migrates through a disk
containing 2000 Pluto-mass objects, which is at the lower
end of the initial number of Pluto-mass objects predicted
in Nesvorny´ & Vokrouhlicky´ (2016).
Finally, to determine the times at which semimajor
axis jumps are given to Neptune, we construct an en-
counter time distribution function. First, we assume that
until t = τ1/10, the encounter times are uniformly dis-
tributed. After this point, we assume that they fall off as
t−1.15 until t = 3τ2 as described in Nesvorny´ & Vokrouh-
licky´ (2016). This encounter time distribution is shown
in Figure 1B for τ1 = 30 Myrs and τ2 = 100 Myrs. It can
be directly compared to Figure 4 of Nesvorny´ & Vokrouh-
licky´ (2016) and provides an approximate match to their
encounter times. Regardless of the values of values of τ1
and τ2 we employ, the number of encounters is fixed at
20,000.
In total, we perform 4 different simulations. These sim-
ulations use two different migration timescales for Nep-
tune: a slow and fast one. They also employ two dif-
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Fig. 1.— A: Distribution of Neptunian semimajor axis jumps
used for our simulations with grainy migration. B: Distribution of
semimajor axis jump times used for our τ1 = 30 Myrs, τ2 = 100
Myrs simulation with grainy migration.
ferent migration styles for Neptune: smooth and grainy.
In every simulation, Neptune experiences a 0.5 AU jump
in semimajor axis at ∼28 AU, and it is given a post-
jump eccentricity of 0.075, which slowly damps over time.
Our simulations span the approximate range of migration
parameters preferred by the recent works of Nesvorny´
(2015b,a) and Nesvorny´ & Vokrouhlicky´ (2016). Table
1 summarizes our simulations. Our simulation names
describe the migration employed and stand for “smooth
slow” (SmS), “smooth fast” (SmF), “grainy slow” (GS),
“grainy fast” (GF).
Run Name τ1 τ2 Migration Style
(Myrs) (Myrs)
SmS 30 100 Smooth
SmF 10 30 Smooth
GS 30 100 Grainy
GF 10 30 Grainy
TABLE 1
The columns are: (1) the name of the simulation set, (2)
the migration/damping timescale before Neptune’s jump at
28 AU, (3) the migration/damping timescale after
Neptune’s jump, and (4) whether Neptune’s migration is
smooth or grainy.
3. RESULTS
The final eccentricities and semimajor axes of all sur-
viving particles in our four simulations are shown in
Figures 2A–D. Throughout this paper, we will plot the
barycentric orbital elements of our particles. Because we
are interested in the semimajor axis distribution of par-
ticles over very small ranges near resonance locations, we
prefer barycentric elements. For orbits well beyond the
planetary region, planetary perturbations on the Sun’s
position and velocity introduce a high-frequency jitter
into heliocentric orbital elements that can hamper our
analysis (Dones et al. 2004).
Several features are obvious in Figure 2. First, our runs
with slow migration (τ1 = 30 Myrs, τ2 = 100 Myrs) re-
sult in a more anemic Kuiper belt than our runs with
fast migration (τ1 = 10 Myrs, τ2 = 30 Myrs). Sec-
ondly, for particles with perihelia near 30 AU or beyond
40 AU, semimajor axes are clustered near the locations
of mean motion resonances with Neptune. In the case
of low perihelion orbits, their residence with Neptunian
MMRs shields them from close encounters with Neptune,
preserving their dynamical stability (Cohen & Hubbard
1965). For orbits with perihelia beyond 40 AU, the clus-
tering is due to perihelion-lifting that occurs when Kozai
cycles operate within a MMR with Neptune (Gomes et al.
2005). Throughout this work, we will refer to orbits with
q > 40 AU as “high-perihelion” orbits. The range of
simulation parameters explored in Figure 2 have been
found to yield classical Kuiper belt orbital distributions
that are generally consistent with observed detections
(Nesvorny´ 2015b,a; Nesvorny´ & Vokrouhlicky´ 2016), but
high-perihelion distributions have not been studied as
closely. These high-perihelion objects are the main focus
of this work. (By eye, it appears that certain features of
our simulated classical belts may differ somewhat from
survey detections, such as significant resonant popula-
tions interior to the 3:2 MMR and a population of objects
trailing the modern 2:1 MMR. However, this is beyond
the scope of our current work, and we leave this to the
subject of future studies.)
In Figure 3, we show the number of high-perihelion
orbits as a function of their orbital period ratios with
Neptune. Here the relative significance of the various
mean motion resonances becomes clearer. Outside of res-
onances, Kozai cycles do not inflate the particles’ perihe-
lia, so the resonant populations are extremely prominent
when we only consider high-perihelion particles. We see
that regardless of the simulation, there is always a promi-
nent population of high-perihelion particles near the 3:1
MMR. In addition, the 4:1 MMR also typically has a sub-
stantial population. In runs with grainy migration, we
see that there are significant numbers of objects located
near the 7:3 and 5:2 resonances as well, but their num-
bers are more suppressed relative to the 3:1 population if
we only consider smooth migration scenarios. Finally, we
note that the overall numbers of high-perihelion particles
varies substantially from run to run. The fraction of sur-
viving Kuiper belt objects with perihelia beyond 40 AU
at the end of our simulations is 8.9%, 3.7%, 17.6%, and
4.4% for our SmS, SmF, GS, and GF simulations, respec-
tively. Thus, the fraction of high-perihelion Kuiper belt
objects seems to be enhanced by both grainy migration
and slower migration timescales.
3.1. Resonance Trails from Slow Migration
In Figures 2 and 3, we also notice a qualitative dif-
ference between the simulations with slow migration and
fast migration. For those with fast migration, the bound-
aries of the resonant populations are much more narrow.
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Fig. 2.— Plots of our particles’ final eccentricities vs semimajor axes for our SmS, SmF, GS, and GF simulations in panels A, B, C, and
D, respectively. Red dashed lines mark q = 30 AU and q = 40 AU orbits. Blue dotted lines mark major mean motion resonances with
Neptune.
While resonances are still marked with population peaks
in the the slow migration runs, the overall population dis-
tributions are smeared out. This is especially clear for
the 3:1 and 4:1 resonances, since they are well-populated
in each of our runs. This smearing occurs because when
Kozai cycles inflate a particle’s perihelion it becomes less
dynamically coupled to Neptune, and it is easier to fall
out of resonance (Gomes 2011). If Neptune’s semimajor
axis is changing during this process, the object can leave
the resonance permanently (Gomes et al. 2005; Gomes
2011). Consequently, if Neptune is still migrating when
Kozai cycles are operating, each resonance can leave a
trail of particles as it moves outward.
This population of particles trailing the resonances
only seems to be produced in certain Neptune migration
scenarios. Before particles can fall out of resonance at
high perihelion, they first must be captured into the res-
onance. Then they must have their inclinations increased
to the point that Kozai cycles are activated (Gomes et al.
2005). Only after this will they attain high (q > 40 AU)
perihelia. Thus, the formation of a trail of particles just
interior to a given resonance requires that the dynami-
cal timescale for resonant capture and the initiation of
Kozai cycles within the resonance be shorter than Nep-
tune’s migration timescale.
Figure 4 illustrates the difference in high-perihelion ob-
jects in our smooth and fast migration simulations. We
first consider a particle within our GS simulation. In
panel A, we plot the ratio of the particle’s orbital pe-
riod to Neptune’s orbital period against the particle’s
perihelion. When the simulation first begins, Neptune
is migrating with an e-folding time of 30 Myrs, and the
particle is scattering off of the ice giants. Consequently,
the particle’s period changes rapidly. During this phase,
Neptune’s semimajor axis jumps by 0.5 AU at 28 AU and
t ' 30 Myrs, and Neptune then begins migrating with
a slower timescale of 100 Myrs. Approximately 20 Myrs
after Neptune’s jump, the scattering particle is captured
in the 5:2 resonance. This capture can be seen in panel
B, as the critical resonant angle begins librating around
the 70-Myr mark. Shortly after resonance capture oc-
curs, the particle’s perihelion is driven outward by the
Kozai mechanism. Because Neptune is still migrating at
this point and the particle’s high perihelion weakens its
coupling with Neptune, the particle falls out of resonance
at high perihelion. This can be seen with the resump-
tion of resonant angle circulation in panel C. With the
particle out of resonance, Neptune continues to migrate,
and the 5:2 resonance leaves the particle behind, frozen
at high perihelion and an orbital period slightly less than
2.5 times Neptune’s.
Next we look at the evolution of a particle from our
SmF simulation in panel C of Figure 4. Like the pre-
vious particle, this one begins by scattering off of the
giant planets, and it is also eventually captured into the
5:2 resonance within the first 100 Myrs. However, in
this particular simulation, Neptune is migrating outward
faster. At about t = 130 Myrs Neptune has completely
finished migrating, and the particle is still in resonance,
as indicated by the continued libration seen in panel D.
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Fig. 3.— The number of particles with q > 40 AU is plotted as a function of their final orbital period ratio with Neptune. Significant
mean motion resonances are marked with red dotted lines. The final states of our SmS, SmF, GS, and GF simulations are shown in panels
A, B, C, and D, respectively.
From this point on, when Kozai cycles drive the particle
to high perihelion, its semimajor axis will always remain
near the 5:2 MMR since Neptune’s semimajor axis is not
evolving. Thus, with faster migration timescales, there
is a much shorter opportunity for resonances to develop
large fossilized populations of objects that fall out and
trail the resonances.
3.1.1. Trailing Population of the 3:1
Of all the resonances that show trailing populations,
the 3:1 MMR may be the most useful for several reasons.
First, it is well-separated from other major mean motion
resonances (unlike the 5:2, which is closely flanked by
the 7:3 and 8:3 resonances), so there is less chance to
confuse the influences of different resonances. Even in
the GS simulation, which has the largest resonance trails,
it is easy to separate the 3:1 objects from the rest of
the high-perihelion Kuiper belt. In addition, it is well-
populated in each of our simulations, so a statistically
useful distribution of orbits can be attained. Finally,
it is closer to the Sun than our other consistently well-
populated, well-separated resonance, the 4:1, so objects
in the 3:1 are about twice as easy to detect according to
Sheppard et al. (2016).
In Figure 5, we plot the last time that particles near
the 3:1 had perihelia below 40 AU against their final
semimajor axes. It should be noted that the semimajor
axes shown in the figure are calculated from the sim-
ulated particles’ orbital period ratios with Neptune. In
these calculations, we always assume that Neptune’s final
semimajor axis is 30.11 AU, so we can directly compare
with the actual solar system. In reality, our simulations
all finish with slightly different final orbits for Neptune,
which would slightly alter the location of the 3:1 MMR
and make it more confusing to compare our simulations
against each other.
By plotting the last time that particles have q < 40 AU
in Figure 5, we are effectively marking the time at which
they are last strongly coupled to Neptune’s dynamics.
After this time, the particles have perihelia above 40 AU
for the rest of the simulation and are less coupled to
Neptune. One can see in Figure 5, that there is a strong
correlation between this time and a particle’s final semi-
major axis. For particles very near the 3:1 MMR (which
is at 62.6 AU), many of them have had their perihelia be-
low 40 AU during the last 3 Gyrs. This is because these
particles are still occasionally undergoing Kozai cycles
within the 3:1 MMR. (These particles are not guaran-
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teed to have had extremely recent excursions to q < 40
AU, since resonance libration and Kozai oscillations can
temporarily stop for orbits near MMRs (Gomes 2011).
Nonetheless, they are “resonantly active” over timescales
comparable to the solar system’s age.) Meanwhile, for
particles just below ∼62 AU, there are no instances of
recent excursions to q < 40 AU. These are particles that
were trapped in the 3:1 MMR while Neptune was still
migrating, and during a Kozai cycle to high-perihelion,
they were dropped by the 3:1 MMR as Neptune con-
tinued to migrate outward. At that point, their orbital
evolution becomes essentially frozen, and they become a
fossilized relic of a past location of the 3:1 MMR. As a
result, their final semimajor axes are simply a function
of when they dropped out of resonance during Neptune’s
migration.
One only sees this trend strongly in the simulations
featuring a “slow” migration speed for Neptune: SmS
and GS. In these simulations, ∼50% of all particles near
the 3:1 have semimajor axes below 62 AU, and all of
these particles fell out of resonance while Neptune was
still migrating. In the “fast” simulations (SmF and GF),
there is only 1 particle with a semimajor axis well below
62 AU. The reason for this is that Neptune is migrating
faster than particles can be captured into the 3:1 MMR
and initiate Kozai cycling, which is required to fall out
of resonance and become fossilized at high perihelion.
There are instances where particles are dropped from the
3:1 MMR before t = 100 Myrs, but even then, Neptune
has already migrated most of the way to its current orbit,
so the difference in final semimajor axes of these dropped
particles and the resonantly active particles is much less
dramatic than in our slow migration simulations.
We also show the barycentric semimajor axes of all de-
tected TNOs near the 3:1 MMR with q > 40 AU. Until
very recently, only one such object was known, but Shep-
pard et al. (2016) announced the detections of 3 more,
and the Pan-STARRS survey added another detection
8(Weryk et al. 2016). While 4 of the 5 known 3:1 high-
perihelion objects are very near the resonance center and
consistent with resonantly active orbits, 2014 JM80 sits
near the inner edge of our resonantly active particles.
The nature of 2015 KH162 is less ambiguous. This object
has a semimajor axis of 61.7 AU compared to the nominal
3:1 MMR location of 62.6 AU. Thus, it sits 0.9 AU closer
to the Sun than the 3:1 MMR, and its orbital period is
over 2% shorter than objects trapped in the 3:1 MMR.
For 2015 KH162 to be in resonance, Neptune’s semimajor
axis would need to be ∼29.7 AU. In our simulations, all
of the test particles with orbits near a semimajor axis
of 61.7 AU were decoupled from the planets within the
first ∼200 Myrs. 2015 KH162 is likely an example of an
object released from the 3:1 MMR before Neptune com-
pleted its migration. The only other clear example of a
known object like this is 2004 XR190, which is hypothe-
sized to have fallen out of the 8:3 MMR during Neptune’s
migration (Gomes 2011). In the case of 2004 XR190, it
sits about 0.3 AU closer to the Sun than the 8:3 MMR
center, and its orbital period is about 1% shorter than
objects in the 8:3. Since 2015 KH162 is even further from
its MMR than 2004 XR190, 2015 KH162 likely fell out of
resonance even earlier in Neptune’s migration than 2004
XR190.
3.1.2. Trailing Populations of Other Resonances
The 3:1 resonance is not the only one that displays a
trailing population. In Figure 6, we also look at the 5:2
and 4:1 resonances, which often have prominent high-
perihelion populations and a final semimajor axis dis-
tribution that varies with different migration scenarios.
Figure 6 shows the semimajor axis distributions for high-
perihelion objects within ±2 AU of the 5:2, 3:1, and 4:1
resonances. We notice that with grainy migration, the
5:2 and 4:1 resonances display trends that are qualita-
tively similar to the 3:1. Namely, they have extended
trails for slow migration and do not otherwise. When
Neptune’s migration is smooth, however, these trails are
not seen. Objects in these resonances seem to be able
to stay coupled to Neptune unless sudden small jumps
occur in Neptune’s semimajor axis evolution. (It should
be noted that the handful of objects that are over 1 AU
exterior to the 5:2 resonance actually fell out of the 8:3
MMR early in Neptune’s migration.)
Thus, while the 5:2 and 4:1 resonances may provide
diagnostics on the graininess of Neptune’s migration, the
3:1 resonance may hold the best constraints on Neptune’s
migration timescale. We see that when Neptune migrates
slowly (τ1 = 30 Myrs, τ2 = 100 Myrs), at least ∼40–50%
of high-perihelion objects near the 3:1 MMR are at least
1 AU interior to the resonance center. Meanwhile when
Neptune migrates fast, this number is under 10%.
3.2. Relative Resonance Populations
Our simulations also provide a prediction on the rel-
ative numbers of objects near each resonance. Even
though our slow migration simulations have a smeared
out semimajor axis distribution, we can still associate
particles fairly accurately with their dynamically rele-
vant resonance by simply searching for the nearest major
resonance to it in terms of the particle’s orbital period.
This is done in Figure 7, and we use it to compare the
relative populations of each major resonance. One ma-
jor feature that is clear in Figure 7 is that grainy migra-
tion enhances the number of high-perihelion objects near
the 7:3, 5:2, and 8:3 resonances. With grainy migration
these populations (7:3, 5:2, and 8:3) sum to ∼150% of
the 3:1 population, whereas with smooth migration, the
combined population of these three resonances is 40–50%
of the 3:1 population. The relative size of the 4:1 pop-
ulation also varies throughout our simulations between
40% and 115% of the 3:1 population, but there is not an
obvious trend between simulations.
We can also look at the times that high-perihelion
orbits are populated. We first do this in Figure 8A,
where we display the distribution of times at which high-
perihelion objects last had perihelia below 40 AU for each
of our simulations. We can see that these distributions
are fairly bimodal. There is one subpopulation of objects
that last had q < 40 AU when Neptune was still migrat-
ing. These trail the actual modern resonance locations
and are fossilized at high perihelia after being decoupled
from a migrating Neptune during Kozai cycles. A sec-
ond subpopulation has often had excursions to perihelia
below 40 AU in the last Gyr. This second group repre-
sents objects that were captured after Neptune stopped
migrating or never fell out of resonance before Neptune
stopped migrating. Because this population still resides
near the centers of the resonances, they can still reg-
ularly undergo Kozai cycles and move back and forth
across the q = 40 AU boundary. Thus, these are still dy-
namically active objects that undergo Kozai oscillations
within MMRs.
3.3. Resonant Populations Beyond the 4:1 (at 76 AU)
Up until now we have only considered the population
near or closer than the 4:1 resonance. We of course also
generate high-perihelion populations for resonances more
distant than the 4:1, which we now consider here. We
begin in Figure 8B by examining the times that these
particles last had perihelia below 40 AU. Here we find
a very different distribution of times compared to the
closer resonant populations. Almost all high-perihelion
objects beyond the 4:1 have spent time at low perihe-
lion values since Neptune stopped migrating. This tells
us that these particles generally do not fall out of reso-
nance while Neptune is still migrating. More accurately,
this indicates that the timescale for resonance capture
and Kozai perihelion-lifting is typically longer than the
timescale for Neptune’s migration even in our slow simu-
lations. If we had chosen still longer migration timescales
of hundreds of Myrs, we would likely find trailing popu-
lations for some of these resonances as well.
To estimate the length of time that it takes for a par-
ticle to become trapped in a given resonance and then
have its perihelion lifted beyond 40 AU, we search all of
our simulations for any particle that ever attains q > 40
AU (even if it eventually reverts to q < 40 AU and/or
does not survive until the simulation’s end). For each of
these particles we record the time at which it first at-
tains q > 40 AU, and we also record its orbital period
ratio with Neptune when it first makes the transition to
q > 40 AU. Based on the particle’s orbital period ra-
tio, we assign it to the 7:3, 5:2, 8:3, 3:1, 4:1, 5:1, or
6:1 MMR (we do not consider period ratios below 2.2
or above 6.2). In this way, we compile a distribution
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Fig. 5.— For particles with perihelia beyond 40 AU and located near the 3:1 MMR with Neptune at a = 62.6 AU, the last times at which
they had perihelia inside 40 AU are plotted against their final semimajor axes. The semimajor axes of the five known TNOs near the 3:1
MMR with q > 40 AU are marked with vertical dotted lines. Simulation results for our SmS, SmF, GS, and GF runs are shown in panels
A, B, C, and D, respectively.
of times for perihelion-lifting for each of the resonances
mentioned above.
These distributions are shown in Figure 9. Here we see
that perihelion-lifting is faster in the 3:1 MMR than in
any of the other resonances. Particles in this resonance
attain q > 40 AU in a median time of 301 Myrs. Thus,
half of the objects in the 3:1 that reach q > 40 AU do so
before Neptune has stopped migrating in our slow migra-
tion simulations. This is one reason why the 3:1 MMR
population provides the strongest signature of Neptune’s
migration. In spite of the short median perihelion-lifting
time in the 3:1, ∼90% of these objects do not attain
q > 40 AU until after 100 Myrs, which is nearly the time
at which Neptune stops migrating in our fast migration
runs. This is why high-perihelion objects near the 3:1 do
not exhibit a tail to smaller semimajor axes in our fast
migration runs and why the distribution of objects near
the 3:1 provides the tightest constraint on Neptune’s mi-
gration timescale. Perihelion-lifting in the 7:3 is nearly
as fast as the 3:1, but as seen in Figure 7, grainy migra-
tion is necessary for a significant number of these objects
to fall out of resonance. The existence or absence of a
resonance trail near the 7:3 can constrain the graininess
of Neptune’s migration.
Figure 9 also illustrates another important point. Since
perihelion-lifting simply does not occur during the first
100 Myrs of our simulations, the “jump” of Neptune at
28 AU (as well as its pre-jump migration) is not con-
strained by the high-perihelion population of the Kuiper
belt. In our GF and SmF simulations, this jump takes
place at t ' 10 Myrs, and in our GS and SmS simula-
tions, the jump occurs at t ' 30 Myrs. Both of these
times are well before any objects have attained high per-
ihelia. Thus, although we include a jump in Neptune’s
migration because it is well-motivated in recent works
(Nesvorny´ & Morbidelli 2012; Nesvorny´ & Vokrouhlicky´
2016), our high-perihelion results are not sensitive to it.
Beyond the 3:1 resonance, Figure 9 also shows that the
perihelion-lifting timescale steadily increases with dis-
tance from the Sun for the N:1 resonances. In the 6:1
MMR, the median time at which particles attain q > 40
AU is 1 Gyr, and less than ∼10% of particles attain
q > 40 AU before Neptune stops migrating even in our
slow migration simulations. This explains why, as seen
in Figure 8, the vast majority of the high-perihelion par-
ticles beyond the 4:1 MMR have had q < 40 AU at some
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Fig. 6.— For particles with perihelia beyond 40 AU, the cumulative distributions of particle semimajor axes are shown within ±2 AU
of the 5:2 (blue), 3:1 (green), and 4:1 (red) resonances with Neptune. Results from our SmS, SmF, GS, and GF simulations are shown in
panels A, B, C, and D, respectively.
point in the last 3 Gyrs; they are all still resonantly inter-
acting with Neptune today. Thus, these more distant res-
onances should have few, if any, fossilized high-perihelion
objects near them.
In general we find that the total numbers of high-
perihelion particles steadily fall off beyond the 4:1 res-
onance. As a result, the numbers of objects populat-
ing these more distant resonances are less statistically
significant. However, because these particles are not dy-
namically fossilized during Neptune’s migration and have
interacted more recently with Neptune, they represent a
more modern population that is less tied to Neptune’s
early migration. Because of this, we elect to co-add our
four simulation’s particles to better study the relative
prominence of each resonant population. This is done
in Figure 10, where we show the number of particles as
a function of their orbital period ratio with Neptune.
One striking feature in this figure is that the N:1 reso-
nant populations dominate. For high-perihelion particles
with periods between 5 and 13 times that of Neptune, we
find that ∼50% are found with an orbital period that is
within 10% of an N:1 resonance. We also see instances
of Kozai perihelion-lifting occurring at N:2 and N:3 res-
onances (where N is very large), but these are not as
efficient. This population fills in the gaps between N:1
populations. It is also obvious in Figure 10 that the N:1
population falls off with increasing N. If we attempt to fit
a power-law to these populations, we find that the pop-
ulation size of the N:1 resonances decreases with N−1.4.
Meanwhile, the falloff of the rest of the high-perihelion
population in this period range is best fit by a power-law
with a -1.2 exponent.
3.4. Inclination Distribution
As mentioned previously, during Kozai cycles, an or-
bit’s inclination and eccentricity oscillate exactly out of
phase with each other so that the quantity
√
1− e2 cos i
is conserved. Therefore, when the perihelia of TNOs are
raised by Kozai cycles (and eccentricity is decreased) the
orbital inclinations of these objects must go up as well.
Based on this we expect high-perihelion objects to have
a substantially hotter inclination distribution than the
rest of the Kuiper belt. In Figure 11, we compare the
inclinations of objects with q > 40 AU to those with
q < 40 AU for all objects with orbital period between
2.1 and 13.1 times that of Neptune. To construct these
distributions, we co-add all four of our simulations and
weight each simulation by the inverse of the total number
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Fig. 7.— The final numbers of particles with q > 40 AU is shown between the 7:3 and 4:1 resonances for each of our simulations. Bins
are divided halfway between each of the MMRs marked with red dotted lines. Results from our SmS, SmF, GS, and GF simulations are
shown in panels A, B, C, and D, respectively.
of simulation orbits, so that each simulation contributes
equally. (In actuality, the distributions from each simu-
lation are nearly identical.) As can be seen in this figure,
the two distributions are radically different. For high-
perihelion objects, the median inclination is ∼34◦, and
99% of these objects have inclinations greater than 20◦.
Moreover, inclinations can reach as high as ∼50◦. On
the other hand, objects with perihelia below 40 AU are
typically found at substantially lower inclinations. For
these objects, the median inclination is 20.5◦, and 92%
of these objects have inclinations below 34◦, the median
of the high-perihelion inclination distribution. (It should
be noted that the classical Kozai mechanism for a circular
orbit is not activated until the inclination exceeds ∼40◦.
However, this is not true for these high-eccentricity or-
bits occupying MMRs. Hence, most of our orbital incli-
nations are below 40◦ even though they undergo Kozai
cycles.)
3.5. Non-Resonant High-Perihelion Objects
Although capture into a MMR with Neptune greatly
enhances an object’s probability of attaining a perihe-
lion beyond 40 AU, it is not strictly necessary. A re-
examination of Figure 2 shows numerous instances of
objects with q > 40 AU that do not seem to be asso-
ciated with any major MMR. Typically, these have per-
ihelia just beyond 40 AU, which serves to illustrate that
40 AU is not a fundamental perihelion value that ob-
jects are strictly prohibited from crossing without the
aid of resonant or Kozai effects. We have investigated
the evolution of many of these apparently non-resonant
high-perihelion objects, and a typical example is shown
in Figure 12. Here a particle is scattered to a semima-
jor axis of ∼70–75 AU within 100 Myrs, and it remains
near this semimajor axis range for most of the rest of the
simulation. Meanwhile, the perihelion of this object is
near 35 AU for the first 1.3 Gyrs and eventually makes
its way to 40–41 AU by the end of the simulation. When
the particle makes notable shifts in perihelion, the orbital
period ratio with Neptune is near ∼3.8, far from any of
the major resonances explored in this work. The dynam-
ics of the perihelion evolution are undoubtedly complex,
but the evolution exhibits a behavior that looks qualita-
tively more akin to chaotic diffusion over Gyr-timescales
rather than perihelion-lifting driven by Kozai cycles. In-
terestingly, despite not exhibiting Kozai-like behavior,
we anecdotally find that these objects all have inclina-
tions of at least 20–30◦ by the time they attain q > 40
12
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Neptune is still migrating in our slow migration simulations (SmS
and GS).
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Fig. 10.— The number of particles with q > 40 AU is plotted
as a function of their orbital period ratio with Neptune. These
numbers are generated by co-adding our SmS, SmF, GS, and GF
simulations. The solid red line marks a -1.4 power law, which is
the best fit to the numbers of bodies within ±0.1 of a N:1 period
ratio with Neptune for for N between 5 and 13. The dashed red
line marks a -1.2 power law, which is the best fit to the numbers
of bodies further than ±0.1 from a N:1 period ratio with Neptune
for for N between 5 and 13.
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Fig. 11.— The cumulative distribution of orbital inclinations
for particles with orbital periods between 2.1 and 13.1 times that
of Neptune. Two distributions are shown: one for particles with
q > 40 AU (red) and one for particles with q < 40 AU (blue).
AU, similar to objects that attain q > 40 AU via classic
Kozai cycles within MMRs.
Although evolutionary paths similar to the one shown
in Figure 12 are rare, they are seen in every simulation.
This type of behavior may explain the origins of known
high-perihelion, moderate eccentricity objects that are
not obviously linked to a MMR, such as 2014 QR441 (q =
42.6 AU, P/PNep = 3.39), 2014 FC69 (q = 40.4 AU,
P/PNep = 3.78), and 2013 JD64 (q = 42.6 AU, P/PNep =
3.72). Because these objects typically attain their large
perihelia through Gyrs of evolution, they are unlikely to
be strongly tied to Neptune’s early migration history.
3.6. Low-Perihelion Counterparts
Although we have focused on the high-perihelion pop-
ulation of TNOs throughout this work, there is of course
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Fig. 12.— The semimajor axis (blue) and perihelion (red) of a
particle from our SmS simulation is plotted against time. The
orbital period ratio of the particle with Neptune is given by the
right y-axis.
a much larger population of objects with q < 40 AU
in every simulation, as illustrated in Figure 2. In fact,
even many of the non-fossilized objects that finish our
simulations with q > 40 AU periodically move back and
forth across the q = 40 AU boundary as the Kozai mech-
anism lifts and lowers their perihelia. Thus, some of
the known resonant TNOs with q < 40 AU may actu-
ally be a segment of the high-perihelion population that
is currently experiencing a low-q Kozai phase. We can
estimate the size of the low-q population that may be
dynamically linked with the high-perihelion population
by studying the fraction of time that resonant particles
spend at q > 40 AU vs q < 40 AU. To do this, we study
particles that first attain q > 40 AU between t = 500
Myrs and t = 3000 Myrs. This eliminates the fossilized
population (which will spend all of their subsequent time
at high-perihelion) and also ensures that particles spent
at least 1 Gyr near or in a resonance. When we look
at this sample of particles, we find that these particles
spend about 2/3 of their time at q > 40 AU and 1/3 of
their time at q < 40 AU, regardless of the simulation.
Consequently, for every two resonant high-perihelion ob-
jects we expect there to be another resonant object in a
low-q Kozai phase.
In addition, there are also many resonant objects
that have lower inclinations that are unaffected by the
Kozai mechanism and continually stay at q < 40 AU.
Here we estimate the total fraction of the Kuiper belt’s
mass trapped in well-populated resonances both at low-
perihelion and at high-perihelion. To do this, we count
the number particles that have final orbital period ratios
that are no higher than 0.05 above the resonance orbital
period ratio and no less than 0.1 below the resonance
period ratio. (This asymmetry is meant to capture some
of the resonance trail.) We do this for the 7:3, 5:2, 8:3,
3:1, 7:2, 4:1, 5:1, and 6:1 resonances – our most popu-
lated resonances beyond the 2:1 MMR. Because we do
not actually search for resonant angle libration in each
particle’s history, these should be taken as rough esti-
mates since some non-resonant particles are inevitably
included.
The results of this procedure are shown in Figure 13.
Here we see several notable features. First, we find that
the 7:3 and 5:2 resonances host the largest numbers of
particles in every simulation. In spite of this, they never
host the largest numbers of high-perihelion objects. In-
stead, the 3:1 resonance always contains the largest num-
ber of high-perihelion objects. Nevertheless, except in
our GS simulation, most of the 3:1 particles are typically
found with perihelia inside 40 AU. We also notice that
that the 8:3 MMR typically contains comparable num-
bers of particles to the 3:1 but very few are found at
high-perihelion. In fact, high-perihelion 8:3 objects are
completely absent in our smooth migration simulations.
Although our particle numbers are limited, these results
and the very existence of 2004 XR190 suggests that Nep-
tune’s migration had some element of graininess. Finally,
we note that beyond the 3:1 there is always a steady fall
off in particle number.
4. DISCUSSION AND CONCLUSIONS
The high-perihelion population of the Kuiper belt that
is resonant or near-resonant with Neptune is a burgeon-
ing subpopulation of detected TNOs that is very well-
suited for constraining the migration of Neptune. As
Neptune migrates, objects can be captured into these
resonances and have their perihelia raised by Kozai cy-
cles. On average we find that objects actively undergoing
such Kozai cycles spend ∼2/3 of their time with q > 40
AU and ∼1/3 with q < 40 AU. Because the Kozai mech-
anism increases orbital inclination as it cycles objects to
high perihelia, we predict that the median inclination
of resonant TNOs with q > 40 AU is 34◦, and 99% of
these high-perihelion objects have inclinations over 20◦.
As Neptune continues to migrate, these objects can fall
out of resonance during the high-perihelion (q & 40 AU)
phases of their Kozai cycles, becoming frozen in a, q, and
i. This produces a trail of high-perihelion objects that
are slightly Sunward of the modern locations of the reso-
nances. However, this trailing population can only exist
if Neptune migrates slowly enough. Otherwise, Neptune
finishes migrating before resonance capture and Kozai-
lifting can actually take place. Hence, the extent of the
resonance-trailing population depends on whether Nep-
tune’s migration time is shorter or longer than the typical
timescale for resonance capture and perihelion-lifting via
the Kozai mechanism.
Regardless of the nature and timescale of Neptune’s
migration, we find that high-perihelion objects associ-
ated with the 3:1 MMR are the easiest to detect due
to their overall large number and proximity to the Sun.
The 4:1 population can approach or even slightly ex-
ceed the 3:1, but this population is about 14 AU more
distant in semimajor axis. Meanwhile, a grainy migra-
tion history for Neptune can greatly enhance the num-
ber of objects that fall out of the 7:3, 5:2, and 8:3 res-
onances, but individually they still contain less objects
than the 3:1 MMR, regardless of Neptune’s migration
smoothness. The abundance and relative detectability
of high-perihelion objects near the 3:1 MMR is consis-
tent with the recent detections of Sheppard et al. (2016),
who detect 3 new high perihelion objects near the 3:1,
and no more than one object associated with any other
resonance.
The 3:1 MMR is also unique among the high-perihelion
population of TNOs because objects in this resonance
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Fig. 13.— Histograms of the fraction of surviving Kuiper belt particles found near several different resonances at the end of our simulations
Blue shows the fraction of particles with semimajor axes near the resonance location. Red shows the fraction of particles with semimajor
axes near the resonance location and with q > 40 AU. Results from our SmS, SmF, GS, and GF simulations are shown in panels A, B, C,
and D, respectively.
tend to be lifted to high-perihelion on a shorter timescale
than any other resonance beyond the 2:1. While the 7:3
also begins lifting the perihelia of objects quickly, they
are much less likely to fall out of resonance, unless Nep-
tune’s migration is grainy. Beyond the 4:1 MMR, the
typical timescale for raising TNO perihelia approaches
1 Gyr, and the generation of these populations is not
strongly influenced by Neptune’s early migration. They
represent a more contemporary set of TNO orbits and
should show few trailing objects. This population is dom-
inated by the N:1 resonances, whose individual popula-
tions fall off as N−1.4.
Because the 3:1 MMR is quickly populated with a large
number of objects that can subsequently fall out of reso-
nance if Neptune migrates slowly, we highlight the orbital
distribution of high-perihelion objects near this particu-
lar resonance as a way to constrain Neptune’s migration
timescale. We model the formation of the high-perihelion
Kuiper belt population using migration scenarios and
timescales previously found to be consistent with the
rest of the Kuiper belt (Nesvorny´ 2015b; Nesvorny´ &
Vokrouhlicky´ 2016). We find that when Neptune reaches
its modern orbit within ∼100 Myrs, more than 90% of
high-perihelion objects near the 3:1 have semimajor axes
that are consistent with orbits than can still be reso-
nantly active with Neptune. Meanwhile, if we just slow
Neptune’s migration by a factor of 3 so that it takes 300
Myrs to reach its modern location, ∼50% of the high-
perihelion population sits ∼1 AU closer to the Sun than
then modern MMR center. Thus, the distribution of tail
of high-perihelion orbits near the 3:1 MMR is a sensitive
diagnostic for Neptune’s migration timescale.
Currently, there are only 5 high-perihelion objects
known near the 3:1 resonance, which is not enough to rule
out any of the migration scenarios we explore here with
a high degree of confidence. Nevertheless, the fact that
at least one of these objects is fossilized (2015 KH162)
hints at the presence of a significant trailing population
for the 3:1 MMR, which suggests that our slow migra-
tion simulations may be more consistent with the actual
solar system. In addition, without an element of grainy
migration, it is more difficult for objects to fall out of
the 7:3, 5:2, and 8:3 MMRs. Out of all the resonances
we study here, the 7:3, 5:2, and 8:3 MMRs offer the best
possibilities to constrain the smoothness of Neptune’s mi-
gration. Although we cannot use the current sample of
15
high-perihelion objects to make any definitive statements
on the smoothness of Neptune’s migration, the existence
of 2004 XR190 near but closer than the modern 8:3 loca-
tion supports the conclusion of Nesvorny´ & Vokrouhlicky´
(2016) that Neptune’s migration was grainy.
Because the distribution of high-perihelion objects is
so sensitive to relatively minor changes in Neptune’s mi-
gration timescale, only a modest increase in the sample
size of this population may be able to differentiate a 100-
Myr from a 300-Myr total migration time for Neptune,
or a smooth vs grainy migration style. Furthermore, our
simulations already suggest that one known object, 2015
KH162, belongs to the fossilized resonance trail of the
3:1. An added benefit of focusing on a single resonant
population such as that near the 3:1 MMR is that all
of these bodies have a very small range in semimajor
axes, so the detected distribution of orbital semimajor
axes are less affected by observational biases that favor
the detection of closer objects over further ones. In the
next several years, ongoing and upcoming surveys should
provide a high-perihelion 3:1 population large enough to
robustly constrain Neptune’s migration (Sheppard et al.
2016; Weryk et al. 2016; Ivezic et al. 2008).
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